The performance of a food-storing species, the marsh tit tParue palustris), was compared with that of a nonstorer, the blue tit (P. caeruleusi, in a spatial memory task in which birds had to return to a site where they had previously been allowed to eat part of a piece ofpeanut. No differences were found between species' overall performance, but increasing retention interval from 1 min to 24 h brought about a decrease in performance. The results are discussed in relationship to the hypothesis that food-storing birds have a specialized spatial memory capacity.
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These observations have led to the hypothesis that the larger hippocampus of food storers is associated with a specialization of spatial memory. In this paper and in companion papers Healy & Krebs, in press; Krebs, Healy, & Shettleworth, 1990; Krebs, Hilton, & Healy, 1990) , we compare the spatial memory of storing and nonstoring tits in order to identify the nature of the differences between them.
The tasks used to compare storing and nonstoring speeies cannot involve storage and retrieval of food itself (since the nonstoring species are unable to store food), so it has to be assumed that an appropriately designed memory task other than food-storing might reveal the capaeities used by food-storing birds in retrieving their hoards. A problem is to identify the appropriate kinds of memory tasks that would capture the essence of the retrieval of stored food. In previous experiments, we used 
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a range of tasks, from standard procedures in animal psychology, such as delayed-rnatching-to-sample (Healy & Krebs, in press) and the radial maze , to tasks that have been designed specifically to resemble retrieval of stored food, such as "windowshopping" (Krebs, Healy, & Shettleworth, 1990) . In this paper, we compare food-storing marsh tits (Parus palustris) and nonstoring blue tits (Parus caeruleus) by using a procedure similar to window-shopping. In windowshopping, the bird is first allowed to see a piece of food behind one of a number of small •'windows" distributed about a test room. Then, after a retention interval, it can obtain areward by returning to the site where it saw the food. In this test phase of the experiment, all the windows in the room are open but are covered with a small cloth curtain so that the bird cannot detect the food without lifting the curtain. To perform above chance level, the bird has to remember the site where it initially saw food. This task shares with food-storing and retrieval the property of a bird's return to a specific site after an initial visit. There is some evidence that food-storing coal tits perform the task more accurately than nonstoring great tits (Krebs, Healy, & Shettleworth, 1990) , although the result is not robust to small procedural differences (Krebs, Hilton, & Healy, 1990) . Additionally, Shettleworth, Krebs, Healy, and Thomas (1990) showed that performance in window-shopping is degraded to some extent by the presence of the window, perhaps because the bird may not always know if there is a seed behind the window.
In this experiment, we used a procedure similar to window-shopping but without windows (Brodbeck, 1989) . In Phase 1 of a trial, birds were allowed to eat part of a piece of peanut in one (chosen at random) of seven possible hiding sites in the test room. In Phase 2 of the trial, the bird had, after a retention interval, to return to the same site to finish the peanut. In Phase 2, al1 the sites were covered by a paper flap so that the birds could only make an accurate return by remembering the original site. As in window-shopping, the bird has to return to a feeding site on the basis of a single experience with the site. However, there are four different aspects of the procedure that Copyright 1992 Psychonomic Society, Inc. might be expected to enhance performance relative to window-shopping: First, there are no windows; second, the bird spends longer at the target site (eating part of the peanut); third, it is positively reinforced at the site in Phase 1; and fourth, the bird visits only the rewarded site in Phase 1 and therefore does not have to distinguish between rewarded and nonrewarded sites.
METHOD

Subjects
Tbe subjects were 4 marsh tits and 4 blue tits caught in deciduous woodland nearStanton S1. lohn in Oxfordshire, U.K. Both speeies were kept individually indoors in 0.77xO.44xO.44 m wiremesh cages (l xw xh), each connected to the experimental room by a remotely controlled door. Every day, the birds were fed a commereial insectivorous bird food mixture supplemented by boiled eggs, carrots, peanuts, sunflower seeds, and fly pupae, and were maintained on a 10: 14-h Iight:dark cycle.
Experimental Environment
Tbe experiments were run in a 3.75 x 3.9 x 2.4 m (I X w x h) room adjacent to that in which the birds were held. Tbe birds could fly into the experimental room through the eight connecting doors that were arranged in two rows on one ofthe 3.9-m walls. One ofthe 3.75-m walls had a smoked Perspex window through which the birds could be observed, and a11 four walls had conspicuous visual cues in the form of colored tape or large colored cardboard symbols. Tbere were nine artifieial •'trees' in the experimental room, each painted with bright colors in different patterns. Tbese trees were 1.75-m cut saplings set in white plastic umbrella stands or concrete bases, and each had several doweling perches (10.0 cm long x 0.9 cm in diameter) set at random heights. Blocks ofwood (9.0 cm wide x 15.0 cm high x 4.0 cm thick) were hung on seven trees; in the middle of the face of each wooden block was a hole (0.5 cm in diameter), and 4 cm below this hole was a perch (5.5 cm long x 0.9 cm in diameter) on which the bird could sit to exarnine the contents of the hole. Tbe blocks were placed at varying heights on the trees, and, since the trees were arranged approximately in a semicircle facing the wall with the doors, the face of each block could be seen from a11 ofthe doors. Tbe rernaining two trees were placed near the doors but did not obscure the view of the blocks from the doors.
Each inspection of the hole in a block by the bird while it was on the perch below the hole ("look") was recorded.
Training
The food bowls were removed from the birds' cages between 1700 and 1800 h daily for the duration ofthe experiment. Trials began at 1000 h, which was about 3 h after the daylight cycle began. Several minutes after each trial, the birds were given bowls of fresh food and water. Training for the experiment was accomplished in two ways: First, a block of wood, such as that used in the experiment, was put into each bird's cage. A whole peanut was wedged into the hole in the block so that the bird could not irnmediately remove ir. Tbe bird pecked at the peanut until a large proportion was eaten and was then usually able to extract, in one piece, the remainder of the peanut from the hole. All of the birds removed and ate the peanut on Day I of training.
The second part of training consisted of teaching the birds to fly through the doors after the lights over their cages were turned off and they were a1lowed to fly into the lighted experimental room. During this phase of training, the trees had blocks on them, all of which contained a peanut, The birds took between 16 and 20 days to learn to fly in and out by using the Iights to guide them. Following this phase, a block containing a peanut covered with a flap of paper (2.5x3.5 cm) was placed in each bird's cage. The piece of paper was Iightly stuck to the block so that it covered the peanut completely. All of the birds were easily able to remove the paper.
The peanut could not be seen through the paper, nor was it possible to see whether the hole was empty or full. The use of smell or other food-related cues in locating food stores was found to be unimportant by Shettleworth and Krebs (1982) and thus was not tested in the experiment. The birds began the experiment proper on the day after the peanut was covered with paper.
Experimental Trials
Trials were conducted in a manner similar to training, with the following exceptions: First, only one ofthe seven blocks contained a piece of peanut(the positive site), and, unlike the rernaining blocks, the rewarded site was labeled with a srnall sticker placed just above the peanut. Tbis sticker was used to rnake the site with the peanut cIearly noticeable. Tbe aim of these features was for the bird to visit only the rewarded site, thus removing the possibility of interference between the rnemories of empty sites visited and of the site containing the food. Second, each triaI was divided into two phases. During Phase I, the bird was allowed to enter the room, locate the block with the peanut, and peck at and eat the peanut for 30 sec (i.e., the bird was a1lowed to eat some, but not a11, of the peanut). This increased the arnount of time the bird spent at thesite and might therefore have increased its likelihood of remembering the site when it was a1lowed to return to finish the food. The lights were then turned off so that the bird would leave the room. A predeterrnined retention interval elapsed before the bird was allowed back into the experimental room (Phase 2). In Phase 2, the hole in each of the potential sites was covered with a flap of paper (a Post-it label) so that the bird could not see its contents. Only the original, rewarded, site, however, contained a peanut in Phase 2. When the bird had located this site and removed the flap of paper, it was a1lowed to eat the rernainder of the peanut. The block containing the peanut was chosen at random each day. One trial was conducted per day, and the number of visits made by each bird in Phase 2 to potential sites before finding the positive site was recorded.
Tbe retention interval between Phases land 2 was varied over the course ofthe experiment in the following order: 30 min (20-30 trials), 24 h (14 trials), 30 rnin (7 trials), I rnin (14 trials). All birds completed the two blocks of 30-min trials and 24-h trials. Tbree of the 4 marsh tits and 3 of the 4 blue tits also cornpleted the I-min trials. Although trials were conducted in the same order for all birds, it was possible to test for order effects by comparing the birds' performances in the two 30-min blocks.
RESULTS
Tbe data were analyzed in two ways: (1) by comparing the number of visits the birds took to find the peanut in the retrieval phase for the different retention intervals and (2) by comparing the frequency distributions of visits to find the peanut with expected distributions under the null hypothesis of random sampling without replacement.
Learning: Improvement With Experience
To test for improvement in performance (number of visits to find the peanut) in the first treatment (the 20-30 trials of 30-min retention interval), we compared the performance of each bird on the initial 10 trials with its performance on the last 10 trials by using an analysis of variance (ANOVA) with repeated measures. Tbere was no difference between the species [F(l,6) [F(2,8) = 2.00, P = .22; see Figure 1 ].
Overall, the analyses show that the number of visits that birds of both species take to find the food increases with increasing retention interval. The decline in performance was most marked when retention interval was increased from 30 min to 24 h, with bothspecies responding similarly. When the data for the three retention intervals were compared, the decline was still significant but much less marked.
Distribution of Visits to Find the Food
We also compared the birds' performances with a null hypothesis of random search by examining the frequency distributions of visits to find the peanut at the three retention intervals. For each individual bird, there were insufficient data to construct a frequency distribution, so we combined data across birds within a species. Our as- Table 1 ).
To evaluate possible order effects, a repeated measures ANOV A was conducted on performance on the two blocks oftrials with the 3Q-min retention interval (see Table 2 ). There were no significant differences between the species [F(1,6) = 0.004, P = .95] or between the two blocks [F(1,6) = 1.17, P = .32], and there was no significant interaction between the two main effects [F(1,6) = 2.75, P = .15]. Consequently, for subsequent analyses, data from the last 7 days from Block 1 were combined with the 7 days from Block 2. Each of the three retentioninterval treatments thus contained 14 days' data.
Number of Visits to Find the Food
We used one-sample t tests (one-tailed) to compare the observed number of visits to find the peanut with the expected value from sampling without replacement, which is four visits. The results are presented in order of increasing retention interval for each species (see Figure 1) .
The performance of the marsh tits was better than the random expectation on trials with a l-min retention interval 
Effect of Retention Interval
A nested ANOVA with repeated measures was used to determine if there was an effect of retention interval on the number of visits to find the peanut and if the effect FIpre 1. Tbe nwaber of villtllIIIIde by blue titI (~dn:IeI) and lII8I'IIh titI (opeo drdea) to ftDdfood In " -1, follow1Dl dIree dUferetlt retentioD Intenall. Tbe ...... 1ft . . . . . and ltaDd8nI erron. Tbere "eR 14 trtaII from eKh bInI; 11 -3 fur both spedea at 1 min, and 11 -4 fur both speciel fur 30 min and 14 b. sumption that trials, rather than birds, are independent data points should 00 borne in mind when interpreting the levels of significance.
If the birds search at random but avoid revisits within a trial (which were, in any case, extremely infrequent), the distribution of visits to find the peanut will follow a "sampling without replacement" distribution. On the first visit, the probability is 1 out of 7 (p = .143). The probability of finding the peanut on the second visit is 1 out of 6 (p = .167) multiplied by the probability of not having found the peanut on the first visit (1 -p) . This is equal to~x 0/-" which equals Y7. Sirnilar calculations for each successive visit show that the probability is always .143 when there are seven possible sites. Figure 2 shows the distributions for the two species compared with the null hypothesis for the three retention intervals. The marsh tits' performance differed from that expected from sampling without replacement at all three retention intervals, but blue tits did so only at 1 and 30 min [marsh tits-l rnin, X 2 (6) = 34. Figure 2 also shows that the observed distributions for both blue tits and marsh tits are positively skewed. The data suggest that the first visits were guided by memory: even if the birds made an error on the first visit, they tended to be above chance on the second visit. We also examined the spatial distribution of errors on the first visit when the peanut was found on the second visit in order to see if first-visit errors tended to be to sites next to the correct one. There appears to 00 a difference between the species: the errors made by blue tits were distributed at random with respect to the correct site, whereas marsh tits tended to visit the site next to the correct one. Combining data across retention intervals, the observed percentage of errors to the nearest neighbor for blue tits was 36% [expected 28%; X 2(1) = 1.25, p > .25], whereas for marsh tits it was 54% [expected 30%; X 2(1) = 10.48, p < .005]. We also looked to see if first-visit errors tended to be made to the site that had been the correct one the previous day. For neither species did there seem to be such an effect (12% and 9% of trials for the blue tits and marsh tits, respectively, versus expected values of 14%).
DISCUSSION
The main results are as folIows: 1. Some individuals of both species were able to return to a site where they had eaten part of a peanut at above chance level after retention intervals of 1 rnin, 30 rnin, and 24 h.
2. Performance of both species declined with increasing retention intervals .
3. There were no significant differences between the two species in overall performance, although there was a suggestion that the spatial patterns of errors differed 00-tween the species.
The failure to find differences between the species in overall performance could be either because there are no differences in spatial memory between storing and nonstoring tits, as represented by these two species, or because the experimental procedure did not detect the differences. With regard to the first possibility, the hippocampal region of food-storing birds is relatively larger than that of nonstorers, and the species used in this experiment conformed to this pattern. This region of the brain is apparently concerned with processing spatial memories rather than with other (e.g., motor) aspects of food storing (Sherry & Vaccarino, 1989) , although its exact significance is not known. One possibility is that the special feature of food-storing memory is the ability to associate spatiallocations with the act of storing food, and the effect of hippocampal damage on other spatial tasks (Sherry & Vaccarino, 1989 ) is tangential to the question of hippocampal specialization of food storers.
Turning to the second possibility, the memory task used in the present study was chosen because it appeared to capture some of the features of food storing, especially the return of a bird to a site after a single experience, and it is similar to one in which food-storing chickadees (Parus atricapillus) appear to perform as weIl as they do in retrieving their own hoards (Shettleworth et al., 1990) . It is possible that the task did not present either species with difficulty in remembering food locations, but this seems unlikely, as both species' performance declined with increasing retention interval. In addition, when the birds' performances are compared with the predictions for a random search, only some of the individuals perform at better than chance at each of the retention intervals . Another possibility is that the task was sufficiently similar to the foraging of a nonstorer that it was not a good method for distinguishing between the abilities of nonstorers and the hypothesized specialized abilities of storers. Finally, it could be that the difference in hippocarnpus size is not associated with an ability of a food storer to retain spatial information for a greater length of time but rather with an ability to remember a larger amount of spatial information. Although food-storing tits are able to remember storage sites for up to 28 days (Hitchcock & Sherry, 1990) , the majority of stored food is retrieved within a much shorter period both in the wild and in the laboratory (T. A. Hurly, November 9, 1990, personal communication; Stevens & Krebs, 1986) .
Brodbeck, Burack, & Shettleworth (in press) used a technique similar to the present one to investigate memory in food-storing black-capped chickadees. They used three, instead of seven, locations and compared performances on trials involving blocks differing in visual characteristics with performances on trials involving visually similar blocks (as in the present experiment). They found that after a retention interval of 30 min, chickadees performed at above chance level with visually distinctive, but not with visually similar, sites. The fact that some birds in the present experiment were above chance in both 30-min and 24-h trials might be taken to suggest that The present experiment resembles a spatial delayedmatching-to-sample task. In comparison with the rats studied by Roitblat & Harley (1988) , ourbirds remembered over very long retention intervals, However, in recent years, there has been a reassessment of the memory capabilities of standard laboratory animals such as the rat and pigeon. For example, less than 10 years ago, results were reported that showed that pigeons had difficulty remembering spatial locations for more than a few seconds (Wilkie, Spetch, & Chew, 1981) , but now it is apparent that this species can remember locations after several hours (Spetch & Honig, 1988; Wilkie & Willson, 1989) there is even some evidence for spatial memory after 24 h (R. J. Willson & D. M. Wilkie, February 22, 1991, personal communication) . This difference between earlier and more recent conclusions may partly reflect a change from the use of arbitrary tasks (e.g., pecking at an array of lights; Wilkie, 1986) to the use oftasks that relate more closely to natural foraging (e.g., searching for food in different parts of a room; Spetch & Edwards, 1986) . Performance in the "natural" tasks may be better than in the arbitrary tasks either because the former exploit inborn dispositions to learn or, more simply, because they incorporate features, such as wide separation of sites and richness of landmarks, that make the task easier for the animal to solve. Studies of food-storing corvids offer support for better performance on a "natural" task compared with an arbitrary task: three corvid species have been shown to remember spatial information (i.e., where their caches were hidden) for at least 7 days (Balda & Karnil, 1989) , whereas two of the same species did not perform above chance after 80 sec in an operant delayednonmatching-to-sample (DNMTS) task in which the birds were required to peck at lighted keys (Olson, 1989) . The provision of "natural" tasks may not be the sole route to achieving long retention. Zentali, Steirn, & JacksonSmith (1990), for example, also used a DNMTS design with lighted keys, and their pigeons performed better than Olson's food-storing corvids: the pigeons were above chance with delays of up to an hour.
In summary, we suggest that two aspects of spatial memory should perhaps be distinguished in comparisons of storing and nonstoring tits. The first is the capacity to remember spatial information for long periods of time, which may not be exclusive to food storers. By choosing appropriate tasks such as the present one, both storers and nonstorers show this ability. The second aspect of spatial memory is the ability to retain, for quite brief periods of time, spatial information about many sites where food has been stored. To test this, future comparative experiments should focus on requiring birds to recall large amounts of spatial information rather than on testing the effects of retention interval alone.
